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Developing fl exible electronic materials with the ability to amplify signals is a major challenge for bioelectronics. Amplifi cation is currently embodied by the transistor family and devices based upon negative differential resistance (NDR) that use band structure engineering to obtain a tunneling current that decreases with increasing bias. The principles of NDR based oscillators, [ 1 ] amplifi ers, [ 2 ] logic circuits, [ 3 ] and their implementation on rigid substrates are now well established. The need for both intelligent sensor arrays that stretch like a skin and implantable control electronics is driving the search for novel soft conducting materials. [ 4 ] Stretchable interconnects [5] [6] [7] and fl exible matrices have been obtained that exhibit pressure-sensing, [ 8 ] temperature-sensing, [ 9 ] and electroluminescent properties. [ 10 ] The next step in developing an active nervous system calls for a fl exible electronic material that produces a signal gain. The ability to tune the electrical conductivity of the graphene bilayer [11] [12] [13] with an electric fi eld provides a route for addressing this challenge through the generation of NDR.
Here, we demonstrate a wide NDR region in the currentvoltage ( I -V ) characteristics of silicone fi lled with graphitic nanoparticles. At the peak, the conductor breaks up into domains of constant electric fi eld separated by highly resistive domain boundaries. These are identifi ed as individual graphite nanoparticles whose orientation in the electric fi eld favors conduction across just two graphene layers. Large electric fi elds open a partial energy gap at the Fermi level, which causes the current carrying bilayer to undergo a semimetal-to-insulator transition. The nucleation of highly resistive domain boundaries gives rise to the NDR. This picture explains the dependence of the I -V curves on the concentration of graphitic nanoparticles, temperature, and channel length, as well as the disappearance of the NDR when the graphitic nanoparticles are replaced with amorphous carbon nanoparticles.
We formed graphite-silicone composites by mixing carbon nanoparticles in liquid silicone rubber, a low viscosity elastomer that is a perfect insulator at room temperature. Three allotropic forms of carbon were used to study the effect of the fi ller's crystallographic structure on the I -V curves of the composite. One composite was fi lled with nanoparticles of highly oriented pyrolytic graphite averaging 450 nm in length (HOPG). A second composite incorporated amorphous carbon nanoparticles of diameter 50 nm (AC) and, the third composite was fi lled with pyrolytic carbon nanoparticles of diameter 50 nm (PC) obtained by annealing AC nanoparticles at 1100 ° C for 1 h in hydrogen. The crystallographic structure of all three allotropes was established by X-ray diffraction (Supporting Information). The HOPG nanoparticles have graphene planes stacked in the two sequences, ABA and ABC. [ 14 ] The AC nanoparticles are amorphous. In the PC nanoparticles, graphene layers grow with random orientations developing covalent bonds between layers. Ribbons of composite were molded and cured on top of copper electrodes to perform four-terminal I -V measurements ( Figure 1 b) . The I -V characteristics of HOPG and PC composites exhibit a transition from an Ohmic regime to a wide NDR region at higher bias (Figure 1 a) . The current peak that defi nes the transition is very robust as it survives millions of cycles of the bias voltage. The peak voltage is smaller in PC composites. In contrast, the AC composite shows no NDR and has conductivity three orders of magnitude lower than that of the HOPG and PC composites.
The dependence of the peak current on the HOPG fi lling fraction, p , is investigated in Figure 2 a. A systematic shift in the peak position from 12 V at 34.2% to 115 V at 25.6% occurs while the zero bias conductivity drops from σ 0 = 8 mS to 0.06 mS. The composite becomes insulating at a critical fi lling fraction of p c = 24%, above which the conductivity follows a power law 4 characteristic of percolation through the network of nanoparticles [ 15 ] (Figure 2 b). The current peak in the PC composite exhibits a similar shift to higher bias when the current contacts) is still increasing. This behavior can only be explained by the sample fragmenting into domains of constant electric fi eld at the peak. [ 16 ] The domains develop highly resistive boundaries that sustain the extra voltage seen in the NDR region and account for the drop in current.
The presence of a NDR region in both HOPG and PC composites but not in the AC composites links the NDR to conduction through the graphitic planes. By considering the percolation path in Figure 3 a (see also Supporting Information Figure S1 ), we demonstrate that, for the majority of HOPG nanoparticles, the current fl ows inside just one graphene plane. In the remaining nanoparticles, the current jumps one interlayer spacing and rarely more. Whether a nanoparticle conducts through a graphene monolayer, bilayer or trilayer depends upon the angle θ between its planes and the electric fi eld E . Using Ohm's law j = ↔ F E we determine the angle φ between the current density j and the graphite planes. The number of graphite interlayers, N , between the current entry point A and fi ller fraction decreases (Figure 2 e) . To investigate the possibility that the NDR might be due to silicone going through its glass transition at ≈ 166 K, we measured the composite temperature in situ while recording the I -V curves. To do this, we inserted a Pt temperature sensor inside the composite. Joule heating was found to increase the sample temperature from 77 K to 81 K (Figure 2 f) , which is well below the glass transition temperature of silicone. Hence, the current peak cannot be attributed to any structural transition in silicone induced by Joule heating.
The I -V curves are next measured over different lengths of composite (Figure 2 g ). The peak voltage increases linearly with the voltage probe separation (Figure 2 h ). This demonstrates that the electric fi eld is spatially homogeneous up to the peak where it reaches its maximum value F p determined by the slope. After the current has peaked, the NDR only appears in ribbons longer than 0.6 mm. Over shorter distances, the current increases up to the peak value of previous curves but then decreases, retracing the I -V curve while the two-terminal bias voltage (across the Below the peak, the tunneling current increases with V . Above the peak, V opens an energy gap in the emitter, which sharply increases its resistance. e) I-V curves of the silicone-PC composite. f) Joule heating inside the composite recorded while measuring I-V curves. The effect of the bias ramp rate is shown. g) Dependence of the I-V curves on the length of the composite. Sections of sample longer than 0.6 mm exhibit a NDR. Shorter sections show no NDR in 6 out of the 7 samples studied. Instead, the voltage increases up to the peak and decreases again (arrows). h) Dependence of the peak voltage on the length of the composite. The electric fi eld is homogeneous across the device up to a maximum value of F p = 20 kV m − 1 (HOPG) and F p = 12 kV m − 1 (PC).
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We model the I-V curve of one such nucleation site in Figure 2 c and show that it accounts for the observed NDR. Consider the conduction band of the graphite-silicone-graphite junction in Figure 2 d. At small bias the emitter particle is semimetallic ( V AB ≈ 0) and the silicone barrier is insulating ( V BC ≈ V ). Increasing V increases the Fowler-Nordheim tunneling current, which gives the Ohmic region of the I -V curves. Near the peak, the resistance of the tunneling barrier drops to the level of the resistance of the emitter. At this point V AB starts to increase while V BC saturates. This trend is reinforced by the opening of the energy gap at the Fermi level, which reduces the density of thermal carriers in the biased graphite bilayer. The resistance of the emitter increases sharply, giving the NDR (Figure 2 c) . Decreasing the HOPG fi ller fraction has the effect of increasing the tunneling barrier width b . The peak current shifts to higher V for the simple reason that thicker barriers require more bias to match their resistance to that of the emitter. We estimate the width of the tunnel barrier from the fi ller fraction through b = l [(B/6 p)
. Then b increases from 67 nm at p = 34.5% to 139 nm at p = 21%. The good agreement between Figures 2 a,c supports the hypothesis that the NDR originates from a fi eld induced semimetal-insulator transition in embedded graphene bilayers. exit point B of the nanoparticle is then found in terms of the ratio of the in-plane to perpendicular conductivity of graphite, [ 17 ] F /F ⊥ = 3000 , the distance between graphite planes c = 0.335 nm, and the average length of an HOPG nanoparticle l = 450 nm. Using the construction in Figure 3 b , we obtain N = l c F ⊥ F tan 2 0.441 tan 2 . Therefore, when θ is between 0 and 66 ° , HOPG nanoparticles conduct through a single graphite monolayer ( N < 1). Between 66 ° and 78 ° conduction is through a graphite bilayer ( N < 2), between 78 ° and 82 ° a graphite trilayer, and so on. Since HOPG particles assume random orientations in the matrix, 93.5% of them remain semimetallic at any value of the electric fi eld. In the remaining 6.5%, the current fl ows into the nanoparticle through one graphite layer (point A), then crosses one interlayer before exiting through the adjacent graphite layer (point B). The (mostly) transverse bias V AB opens a partial energy gap at the Fermi level in graphite. This gap is shown in the local density of states plots of Figure 3 c. Unlike the gap of the free-standing graphene bilayer, [11] [12] [13] the gap of the embedded bilayer opens above a threshold V AB > 2 γ 2 corresponding to the energy overlap of the π -band (2 γ 2 = 40 meV). The gap is partial. Nevertheless, it is suffi ciently well defi ned to induce a semimetal-insulator transition since the density of states at the Fermi level drops from 100% at 0 V to just 3% at 0.6 V. We conclude that nanoparticles tilted at an angle between 
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The temperature dependence of the I -V curves is shown in Figure 3 d. The most notable feature is the shift of the current peak from a fi nite bias voltage at 4 K to 0 V at ≈ 200 K. The peak position has a temperature dependence that is independent of the graphite fi lling fraction (Figure 3 e) . The main effect of temperature is to activate a thermal current above the silicone tunnel barrier, lowering its resistance. The effect on the peak position is similar (but not identical) to the effect of increasing the graphite fi ller fraction. We have calculated the temperature dependence of the peak position using the silicone barrier height ϕ 0 as the adjustment parameter. The effects of phonon scattering on the mobility of graphite [ 17 ] and the thermal activation of carriers [ 18 ] were included in the tunneling model. The theoretical peak positions for barrier heights ranging from 50 meV to 250 meV are plotted in Figure 3 e (full lines) from which we extract a best fi t of ϕ 0 = 165 meV. Below 166 K, bulk silicone is in its glass state. The frozen matrix explains why the zero bias conductivity σ 0 is the same for all I-V curves below 174 K. Above 166 K, silicone is in the rubber state. The tunneling barriers can then expand under Joule heating. [ 15 , 19 ] This explains why σ 0 is halved in the 195 K and 206 K curves.
To conclude, using benchtop chemistry, we have demonstrated a fl exible material, incorporating graphite nanoparticles in silicone, that may be used for making electronic amplifi ers. We have already demonstrated a fl exible electronic oscillator by embedding a composite device in a resonating circuit (Supporting Information). Given the present state of the art, it seems unlikely that polymer amplifi ers will compete with semiconductor amplifi ers on speed, nonetheless they do present major advantages over the latter. These include the conformability and biocompatibility conferred by silicone, the dramatic reduction of material and fabrication costs over semiconductor tunnel devices, scalability, and a peak-to-valley current ratio without an upper theoretical limit. The noise seen in the I-V curves beyond the peak is believed to result from the shutting off of percolation paths and their rerouting around the graphite nanoparticles that have developed an insulating behavior. This noise can be reduced by engineering the orientation of nanoparticles with respect to the electric fi eld. Although, we have demonstrated the NDR below 200 K, Figure 3 e suggests that room-temperature operation will be achieved by increasing the barrier height to ≈ 250 meV by tuning the chemical affi nity of the elastomer. On the effects of mechanical strain, the effect of compressive strain on the NDR is similar to increasing the fi ller fraction (Supporting Information Figure S13 ). The exceptional width of the NDR region however warrants stable amplifi cation when the device is deformed.
